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Abstract

E-glass three dimensional (3D) stitched preform composites have been developed for
several industrial applications due to their high mechanical performance and damage
tolerance properties. Although some in-plane properties of the stitched E-glass compos-

ite structure are slightly lower than in laminated composite, its mode-I delamination fail -
7>21'01'-™>"YZeil el Se1ISE "' ZYZelctl7@ —ele'Z1 7, e, ™
Recently, some nanopatrticles as single-walled nanotubes (SWNT) or multiwalled nano-
e7<Zceli U151 —S—" «Z>010 U1l Z>Z1SeeZele"1e'Z1seSeoel:
preform during consolidation process. This further enhances the thermo-mechanical
_MSEel ™" ™70 701701071 ,eeSeel <Z>1E -™"® ' Ze@i
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1. Introduction

Zi*'eZ1 <Z>1E" -™"’'eZ01'SYZ1<Z7Z—12072+1"—1YS>""Z2celce
— 7« ESe1S>72Sele72Z1" 172’51 e 1ee’ —Zeoele"1 Z'¢'e15>Se
[1]. The most important reasons for the increased use of textile structural composites are the
increased expectations for product performance and demand for lightweight materials in
global markets.

Zi*'*Z,«SeZel1E —-™ "e’'eZeelE —’' el ¢l <Z>001 '¢'1'7e'1lce
—Se57j1-SeZ>'Seele'Selc —ele'ZZl <Z>01e"eZe 751" 1™~ Y™
>7e¢Tl '<Z>@1™>"Y'eZ1leerZ—ee'lS—eloee’ —Zoemle 1« Z1E™
ESeet¢1”Z7Z2™1e'Z1 <Z>021e"eZe 751 1e>S—eeZ>leerZeeZel:
E" ——"—1"¢1Seel>7 —e " >E —el <Z>@1e">1™ e¢—-7Z>"E1-Se>"j1C
tensile strength, high chemical resistance, and excellent insulating properties [1-3].

[ 7KH $XWKRU V  /LFHQVHH ,QWHFK2SHQ 7KLV FKDSWHU LV GLVWULEXWHG
|ntech0pen &RPPRQV $WWULEXWLRQ /LFHQVH KWWS FUHDWLYHFRPPRQV RUJ OLFHQVHV E
GLVWULEXWLRQ DQG UHSURGXFWLRQ LQ DQ\ PHGLXP {9l KH RULILQD
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eSerel <Z>wel1S>Z1z7zeZ1Skel ' Z>1>72'—ee">EZ-Z—1 <Z>e1l’
E"—™~’eZil ‘Z1eZje’eZ1™>7Z¢ >—-1e¢S>’ESe'"—1'cele"—71<¢
ing and by using nonwoven techniques, and they can be chosen generally based on the end
707215282 >2—-72Z—+®il >'e'—Seet¢dle'>2721e'-7Z—0’'"—Se10Y 01
(251" —07>eSEZ-Z—e1le¢™Z@il '—™eZ1Y 1™57Ze"5_1E"—0 &
stitched depending on stack sequence. More sophisticated 3D preforms are fabricated by spe
cially designed automated loom and manufactured to near-net shape to reduce scrap [4—6].

—1™%e¢-7>'"E1-SeZ>'Seedle'Z1700Z217¢17>¢S—"EL1S—e1"—"
Polymer composites are used commercially in various areas such as construction and civil
Z—'—775—81S7¢" "< Z1E -™M"—7Z —e®@dLlS—ele™Herl”Z
'—TMT5eS —(EZ1'S®1<ZZ—1SASE ' Ze1le 1 Z1eZYZe"™-Z —0o1 e
E"-™"®’'eZ®l 'Z>Z21Se1+ZSeel"—Z17e1e'Z1E -™M"—7—s@el'
is in micro- or macrosize. In addition, advances in computer technology have facilitated the
characterization of nanomaterials and their estimation through modeling and simulations [ 7].

“CE1IE'S™eZ51eZSe@]l '+ 1S™MMOESe"—el7eleeSEEl <Z>e]
E+See’ ESe'"—31S—e1™,"™M73e’ 7l eleeSeel <Z>el 25721
“el7@Ze1l—S—" eeZs1l’ —1eZje'eZ,<S®@Ze1l™ e¢-Z>"EL1E"-™"
<Z>0el 757217 ™eS'—7ei1X 1S—elY 1¢S>’E1le">—1 eleeS0e«
sidering the 3D stitched composite. Basic fabrication methods of composites were provided.
ZE'S—"ES+1™>"™M75e'7001S—e1eS'e757Z1-"eZ®@1 ¢lseSeel -
cussed by considering the special application areas.

Xil eScecel «<Z>0081-S¢>"jd1S—e1—S—"See’e' Y70

XiWil eSce®l <Z>me

*SerelES—1<Z1 —Z+¢le™z—1"—e"1 <Z>®1+'Se1S521™+'Se
als, above their glass transition temperature, T, show Newtonian viscosity, i.e., the stress is
™" TM 5 e’" —Sele " 1e'Z10ee>S’'—15>SeZil el ™>"™MZse¢l'lZi™
and planar forms [8pi1 ¢Sceml <Z>@1S>7217071’ —1-S—7¢SE+7>" —
circuit boards, and a wide range of special-purpose products [9pil *Socecel <Z>1-S
is the high-temperature conversion of various raw materials, which are predominantly boro -
@' ESeZOL —e"1S1 " —"eZ—7"7@1—-ZsedLle"ee” Zelctle'Z1Sc
[WVPil ‘Z1-"02el’ =™ eSS 0] _Zee]l ™M," ™70 71”1 <Z>*+Sea
©'21eZ2-™75Se7571Se1 “"E'1l <Z>01S>Z1+"5-281S—e1+'21'57
form within hours and remain in equilibrium with the melt[  11]. The basic component of glas:
«<Z>cel'oelee’s’ ES10oce’ ) rivedifedniordiharg sand, and the viscous melts can
<Zloee>"—el—Zeeelet ™ ESee¢1lEILSS'LV XDHMWXF The-cbntinuous
<Z>0.1S>Z1 ™>%e7EZe170e'—elczoe''—eedl "E'1'SYZ1S1eZ
e7¢Z@1l7ele'Z1c¢ze''—eil —Z71 <Z>1’1™> 07 EZele>"-17ZSE"1-
—ele' ™1 @le¢ ™ ' ESee¢l —1e'Z1>S—eZ1"«1IWW[V.WYVVU 81
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‘Z1leeSceoel 'eel—"5>-Seetl " 17 7el1 " ele'Z1lcz0e' —elZ7—eZ>1¢"'Z
“>e7>17¢1W1l——1¢'S—7e7>i1 ‘Z1 —Sele’'S—7e7>17¢1e'Z1eeScecel
S™MT™e Zele 171 «Z>1S e 114llFigutecV1aél el o 71y-S—7¢SEe7>'-
S—el®@ ™ —Z1™> 7 EZelee el <Z>1" ly

‘Z1E -™"@'e’"—@l "+l Z1seSerl <Z>01YSs¢1leZ™Z —o' —
,eeSeeiil ">Z1¢'S—1 —1"¢1E " —e+'—7" 70 1S e dl. Themniad»
'—eleeScemel <Z>@1S>5721™57-"7-1 ce B HAEle 1™ M IV 0/t e 1wl
types with short explanations [19].

‘Z1 ™ ¢’ ESel ™>"™Z75e° 7@l eleeSeel <Z>001S5521S ZEZ-
ceSeel <Z>®el1E ——"—eC1lz2@Ze1’ ' —1'Z1 <Z>,52" —">EZ+1 ™o
[XPpi1l ‘Z>Z¢ >Z281e'Z1™ ¢’ ESe1™>"™Z5e' 71 01 Z®Z1 <Z>c
,e0Smeel1S—e1 X,eeSeoel XS e 18X VAR EvEEThe softening points of
,*eSee1S—e1 X,**Se®1S5>2172Z\U 1S—«1WV[\U 815Z2™ZE
§$>21YYZ[1 S1S—e1]XiY1l S1e¢51 ,e¢eSeel1S—e12z~ V1 S1°¢
Ze"—eSe’" —1S>21Zi"1S — « 1y Bearhing eettidiEnicidZcope BEM) views o
,eoSeel «<Z>1S—ele” FRuEREXV —1'—1

XiXil Se>'j

“e¢—7>,¢S®@Z¢1-Se>"{1-S¢75'Se®e1S>57Z1<Se'ESe¢t1E*Seax
set and thermoplastic. In general, thermoset polymeric resins have a widespread use ir
Z>>72'— "> EZ1E -™"’eZ0eil ‘Z1 <Z>01S>Z1S™™e’Ze1 "
molding or recently vacuum-assisted resin transfer molding techniques. During process -
— 31 Z1Y eE"R'eC1 el Z1 ™ ¢ —Z51'@1e" lez> —ele'Z1’

(b)

Figure1. 0S01 >S "—el1"eleeSeel ¢S—7Z — 5118} —10<clileeSccoele" el
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Type Description

Aglass '¢‘1Se"Se’1eeSee/]X.][-100' ' ESSIV.\1Se7—"—S531S—1V.\1cH"—17j"«7Z
for windows, containers, light bulbs, tableware, etc.

leeScee ‘Z-—"ES+leeSce®/\Z.]"-10"«"ES81Y.[-15+2-—"—881S—+1Z.\-1<>"—1
corrosion resistance. *SceeleeS™eZ1 <Z>01e >1-8"" —eleeSerl-S-ei

Dglass 'Z+Z@Ee+>’EleeSee/]X.][-10'« ESSIV. W1Se7-—"—S531S—1XW.XZ-1<">"—
and low density. Improved electrical performance.

Eglass *Z@Ee+>'ESe++¢1>Zce’e*S—eleeSee/[X.[\-1e'« ' ES8IWX.W\-1S+7-"—S551
2 — e >EZe1™MeS e E®rlS®eleZ—7>8e, ™M™ @71 <Z>el ‘Z>Z1e>Z—ss"

1 “e' Zel l1eeSce@/[Z\X-1@'s'ES1S—el W[-1Se7z2-"—S1E " —e¢Z—¢il 2™

glass corrosion in acid conditions.

AR e"Se’ sZe'eeS—eleeSee/[[.][-100' " ES1IS—«1W. WA-1£H>E " —'72-1E"—-

glass

Rglass [[.\W—1e'«'ES1S—e1lXY.X"=1S8e7—"—S1E " —eZ—oil "o' 0@e>Z2—ee'dl' e -~

X1eeSoeoe \Z.\\-1e'«"ESBIXZ.X[-18¢72-"—8581S—+1 i[.WV-1-Se—Z@'72-1"j"<7

Developed for aerospace applications.

Table1.1 *Scemwl <Z>1e¢™Z@1S—ele ™ —Z17¢1e'Z2'51™‘¢elBES+1S—1EZ-"ES+leT

(b)

10 ym
Figure2.1 1Y'Z 171 ,*eSceel «Z>1S—e1«” 110501 ,*+Scdoel «Z>1S—e10c01 ,+&

1 ™sTY eZoeleT el 24—l ™" M™MZ5e 7 el ZZ—1'71 <Z>
tional high temperature or pressure. However, the low strain properties of thermoset resins
reduce the impact strength of the composites. The most widely used thermoset resins are
epoxy, polyester, phenolic, and vinyl ester [1, X X)W

There is a growing interest in development and production of the thermoplastic polymer—

based composites. The reason of this interest is the ability of thermoplastic composites to forrr
S—el>72-"0e172S® ' *¢1l —1@ ' ™>eZ>1™>"EZeele'-Z1E-™S>7
thermoplastic composites provide high fracture toughness, damage tolerance, and microcrack
resistance [XXXYpil ‘Z>—"™eSe’'E1>7Z@'—w©1S>721S<"21[VV.WVV
®ZelsZe'—c@il "el>yZees>' Eemrle'Zl —s7’'"—1eZ—eZ7Z—ECL"”
pressures in thermoplastic composite process is also considered as another limiting factor
Semicrystalline thermoplastic polymers such as polyether ether ketone (PEEK), polyphenyl-
Z—27107s *Z10 (81S—e1e'872'¢, E>C@eSel™ e¢-Z>10 U1lS



$SSOLFDWLRQV RI *ODVV )LEHUV LQ

" BUHIF

KWWS G[ GRL RUJ LQWHFKRSHQ

mechanical and chemical resistance at relatively high temperatures. Some other thermoplastic
polymers such as polypropylene(PP), acrylonitrile butadiene styrene (ABS), and polyamide
0 U1 —el70Z1' —1e'Z2Z1S2e"—"’YZ1 —eZ@ee>¢il 1'Se1S1YZ>¢:
—"™MeS ey ELIE " -™"'eZelezZ1e 1’eele” 1E " d1' " ' 1EX]IlE
properties of some of the thermoset and thermoplastic resins are presented inTable 2 [ X]W

Polyesters are used extensively in continuous and discontinuous composites and they are ret
Se'YZeC1l ' —Zi™MZ—'YZ1 'e'1™> " EZe®' —el Zj'<e'e¢il ‘Z¢1¢
72— ©Se2>SeZe1ES><"— ES>< — M4 GxBIL L1+ @EBG'"—o0el ‘Z>Z1¢
Typical polyester consists of at least three ingredients: a polyester, a cross-linking agent sucl
as styrene, and an initiator, usually a peroxide, such as methyl ethyl ketone peroxide (MEKP).
One of the main advantages of polyesters is that they can be formulated to cure at either roorr
temperature or elevated temperatures, allowing great versatility in their processing. Epoxies
S>7Z1'7e" ™MZ3e",_ S _EZ1-Se>’jleteeZ—0le >1™> -S> «¢1E"—
ter high-temperature performance than polyesters and vinyl esters. Epoxies are used in resin
>S—@eZ>1-"ee’'—e81 oS—7Z—e1 '—e’'—ed1™7ee570" " —31'S—els
et _Te7e71S—el'e @e>Z—ee'l <Z>il ‘Z1 ™" ™MZ5e"7Z 01"
dependent on the cross-linking [ X3]. Vinyl esters are similar to polyesters but are tougher and
‘SYZ1<Z4751-""@e7>Z1X)\e’eeS—EZ1yX

XiYil S—"See’e’YZ0e

S—"M™MS>e' ®eZ®e1'SYZ1<ZZ—1"e7Z—¢" Zel'—1¢'7Z1eSee1+ZES
various emerging applications in optics, electronics, or the biomedical area. Many of the
potential applications are based on two major changes when the scale of material structures
decreased. These are the high surface-to-volume ratio and the improvement of the electronic
properties[ X]pil S— E " —-™ " e’'eZ®e1ES—1<Z1ZE>'<Z+1S®1™S
one of the components is in nanometer dimensions [ X}* The investigation of fullerenes (nano-
@™ 'Z>Z201S—1ES><«"—1—S—"e7<¢Z0e10 01'Sel " ™Z—-7+1S1-
of polymer matrix composites with novel properties and applications [ X _pil S—" e,
a considerable potential in improving the properties of polymeric composites [ Y V31]. The
e’ —7Z@®@dle 7' —700ed1S—1S5SSe " —1>72e’eeS—EZ1" .
>Se" 1S —elZ—"e">5—1e’0re>'<Ze’ " — 17017 1].4bZandvelpossibie ToloBtdie

Tet¢—27> Resin Z—@ e ¢t1Ne&E—ce’*Z1-"¢747ce1iliendléd strength (MPa)
Thermoset Epoxy WiX.WiZ Xi[.[TV [V.WWV
Phenolic WiX. Wiz Xi]l.Z1W Y[.\V
Polyester 1.1-14 1.6-4.1 35-95
Thermoplastic Polyamide 1.1 1.3-35 [[._V
PEEK 1.3-1.35 3.5-4.4 WVV
PPS 1.3-14 3.4 NV

Table2.1 ‘Z1@™ZE’ ESe'"—1"ele'Z>5—"@Ze1S—}le'Z>—"™eSee’EL-Se>'jlyXW
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materials with high toughness values by producing nanocomposites with high nanoparticle
ratio, homogeneous alignment, and high interface strength [33]. Interfacial bond properties
between nanoparticle and matrix in the composite are active research subject in the researc
and development societies [31]. Nanosphere, single-walled, or multiwalled tubes were applied
to the composites by dispersing the nanoparticles in the resin using various techniques such
as shear mixing, ultrasonication, calendering, ball milling or ultrasonication-extrusion, and
>S—@eZ>, ™5 —e’'—ejl ¢1—-S—" «Z>el Z>Z12®@Z81+'2¢1 257
">1X 1eS>'E@il ZesleZSees"—75Se’"—17e1 elZe’'—e1l-"{Z>
>8e7Z @1 E>ZSe’ —el e ©'ZS>1 e H>EZel ES70weZ]1l Zeels' ees'<7
©'7'51>2S7Se71'001—"2e1SY "eZelS—ele'Z1™s70Z—EZ1" 01
[34]. Various nanosized materials were developed by employing the up-to-date processing
as silica is one of the most important and most studied oxide nanopatrticle types. Due to its
quite simple preparation, its chemical inertness, and the relatively inexpensive precursors, it
became a prominent compound in academics and in commercial applications [ X]} Because o
el le™ZE EL1ET-™"—Z—e1"el®z>eSEZ1Z2—7>¢81c’ -
than carbon black [35]. Figure 3 shows the SEM (scanning electron microscope) micrograpt
of nanosilica and nano- and microcarbon spheres [ XV

—1e°Z1™SeeleZ 1¢62S>@81—"YZe1-SeZ>'Se@l1ezE'1S®el1ES
gies have posed a strong candidacy for providing an integrated approach toward enhanced
structural integrity and multifunctionality [ 36pil ‘Z1eZYZe™ ™ _7 —e1~e1 —"Y;
¢*">EZel ™MeSee Erl UL "¢'1Z¢ZE+>' ESe1E " —+2E+"Y o
damage sensing. Adding a small amount of carbon nanotubes to form an electrically conduc-
tive network is a promising approach to monitor damage initiation and propagation for glass

(Z> 52— H>EZ1E3Y™M " ®e’'eZely

The pre-dispersed overcoatingl “¢1 —S —"¢7<Ze1S—e1¢'Z1™>"EZeel—
—Z—el1"el e 71" —eZ>5eSEZ1™>" ™75’ 71 1 X 1 "YZ—1 ,¢+Sce
Z ZE+1 "+l —S—"e7¢Zce1l 38- THe, amide@Euwrictienaliged carbon nanotubes had
improved tensile strength compared to neat [ 39]. The modulus of composites is enhanced by
the addition of silicon carbide nanoparticles by considering dispersion of these particles in
resin, which highly depends on the coupling agents and dispersants [ ZNMMoreover, the weak

(a) (b) (¢)

Figure 3.1 1 -—"E>"e>S™*1"e1 @ =721 —S—" eeZ>2i10S01 S—"e’«"ES10-S-—’' ES-
X[VBVVVYi01S—e10EU1l—S—"ES><]—10-8Se—" ES«'"—1[VVVYilyXV
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bonds at the interfaces of silicon carbide nanoparticles and resin lead to stress concentratiol
rely on the particle geometry [41].

YT1X 1¢S>'"Eel1S—elY 1™37¢%>—ce

YiIWil "“1¢'—-7Z—@'"—S¢10X 1S Ee®

‘Z1-"0eel ™>Z7e7557¢1 X 1eS>'Ewl'—1eZje'eZ1lee>7@Ee2>Se1!
¢S 'EBL>'S|'Sel "YZ—1S>'EDL1<>S'eZe1S>’EL1S—el1"—"¢
fabrics, and nonwoven fabric. The most common fabric used in the textile structural compos -
'eZel'elX 1 "YZ—1eS'ELlezZ1e 1'e1-">Z1@eSceZ1™> ™7,
©'Z1X 1 "YZ—1+S«>’Ed1+'2521S>Z1 "1¢S>—1eZ+®1Se®l S>
S—eeZilX 1 "YZ—1S>’E1'Sele'>ZZ1+¢™Zel1™+1-S'—1™S4
©"e17e1e7>'YSe'YZ1™S4Z5— @il ZESZz®Z1'Z1 ™S —1 "YZ—
™™ eelcZe ZZ—1 S>™1S—el Zeedl'eles>2E+2>S+1E'S>S(
and more durable. Twill woven fabric has inclined paths from right to left or from left to right
on the fabric surface due to its interlacements of warp and weft. In satin woven fabric, warp
‘Sele”—el "Seedl "E'1S>Z1ZYZ—eCleoee>'<zoZele > 70 e
schematic views of weaves and microscopic view of E-glass plain woven fabrics are shown
in Figure 4 [ X}V

The schematic views of triaxial woven fabric and braided fabric are shown in Figure 5(a) and (b).
As shown in Figure5(a)81+>’Sj’Se1 ZSYZ1‘Scele'>Z7271eZ@1+1¢S>—
which these yarns take in interlacements [ ZXThis fabric has large gaps in the crossing regior
"ol S>™1S el Zeele771e"1 —e75eSEZ-7Z—+®@1S—el'e1>Z@e*>'E
fabric formation [44pi1X 1<>S'eZ¢1¢S>’E1‘Se1™"—721¢S>—1eZ*1Sce1
orientations. As shown in Figure 5(b), these braider yarns are intertwined with each other to
—S7"Z1¢°Z1X 1>S’eZ¢1S4%E1ee>72E2>21y

Figure 6(a—g)l e~ el Z10E‘'Z-Se  E1Y'Z el el Zee1S—e1 S>™]
<'Sj'Sel1"—"471S>'E@il ‘Z1"—"471SGH'EL' 1 E " —0ee'*7
“e'7>18—ele"1e'Z1—7"¢'¢" > —el>” 1S —e1E ez-——0elc<t1YS>
e C™Z®1S>721 Zmidure64itS1a1 S>™ 1Figuredsh)-[45]0

(b)

Figure4.1 ‘Z1 E'Z-S+ E1Y'Z @171 ZSYZe1S—e1-"E>"E " ™' E1Y'Z 171 ,*eSec

and (d) E-glass plain woven fabric [ XV
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Figure 5. Schematic views of triaxial woven and braided fabrics. (a) Triaxial woven fabric and (b) braided fabric [ Z X43].

Figure 6. 10S U1 Zeel"—"4Z+1+S>’E010<0i1 S>™1" 4715’ EO0L10EUL Zeoel —eS’
eSOH'ESLINZUL S>™1'—eS'el S>™17" 47618 EOLNcUL Zoeoel —eS'e1 SH>™1"
[45-47].

‘2172—'Si’Sel"—"47Z¢1+S>'EL1'@1S1E@™ZE'Sele¢™Z1e"" ™70
" 1 <Z>, Y e7z-Z,>SEe T —@BL'e'ZeT—eSe’ T —F1S—ele” 1’
® —Z1®e>2E+2>Sel-"¢" ESe'"—@l Z>Z1™Z>¢">-7e1¢¢1See’—u
(Figure 6(d) and (e)) or width ( Figure 6(c) and (f) i1l ‘Z1eZ—0’'eZl@e>7Z—ee'
fabric composites improved in the direction of inlaid [46].

'Si'Sel1”"—"47¢1¢S>’E1'®@1-S—7¢SEe7>7¢1<C1 —e> o7z E —-o1
01Z[UU1¢S>—ce 1l FigufdB(gfi17»318> ™ 1" —"4Z+1+S>'Eedl “"E 1>
mechanical properties of composites at the inlaid directions [48]. Nonwoven fabric is a web
e>7Ee7>721-SeZ17™1 el “>el <Z>021'Se1S>71"7Z 40 NcOwbXerl
manufacture is that it is generally done in one continuous process directly from the raw mate -
»’Sele”1e 71 —’ o' Flgute s@Wy fhé view of nonwoven glass mat [51].

YiXil 5221’ —-Z—@’"—S10Y 01l¢S'Ece

X 1eS ' E.>Z'— ¢ HEZ1E -™"®@'«Z®e1S>21S51<'S{’See¢1™>'Z—a
o' "—Sel «<Z>1E"-™M"@'e721'01S—1S5j'Seet1" >’ Z—eZe1™eS__S>51
3D fabric preforms have been developed to make the delamination free composite.

eE—e1ES—1<Z2172@Z7Z1"1-S"721Y 1+S<>’ E ce]l 3Destitched akric
'@ 1-S—7eSEe75Z2+1<Cloee’sE " —+1X 1¢S>' ELleS¢Zrel — 1"
¢ H>ZEe " —10VUUIdLle "1e>ZEe’"—0e10VU1S—e1 VUIOdLS—el-
in Figures 8 and 9. Stitching can be made by sewing machine. The lock stitching is generally
used in stitched preform fabrication for composites [53, 54].



$SSOLFDWLRQV RI *ODVV )LEHUV LQ ' 3UHIF
KWWS G[ GRL RUJ LQWHFKRSHQ

Figure 7. Nonwoven glass mat [51].

Figure 8.1 "™1VY’Z el el ee’*E‘Ze1l ,seSceoel ™>Z+¢">—@ilaSil —Z,*>ZE+~"—S-1
e e E'Ze01S—e1l0EUL*"2>,">ZE+53S*1-SE'—Z1loee'+E 'Z-1ly

Figure 9. Schematic view of multistitched yarn paths. (a) Machine multistitched yarn path and (b) hand multistitched
yarn path [54].

3D orthogonal woven fabric has three yarn sets as warp, weft, and z-yarn (Figure 10(a)). These
yarn sets are interlaced to one another and oriented in three orthogonal directions to form the
fabric [59]. Warp yarns are placed in the direction of the fabric length, while the weft yarns are

inserted between the warp layers to form double picks. Z-yarns lock the other two yarn sets
and provide structural integrity [48]. Figure 10(a—d) shows some of the 3D fabrics [55-58].
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Figure 10. Some of the 3D fabrics. (a) 3D woven carbon fabric§5p 010 <iil—Z2+¢'Sj’ce1lY 1 "~V 756{1dH § & U4
3D circular woven aramid fabric [57 p01S —e10elil—Z¢¢'Sj’ 1Y 1¢>S’eZ+15H — ES*1S>S-"e1¢

A multiaxis 3D woven fabric, method, and machine were developed by Mohamed and Bilisik
[\Wpil ‘Z1-72¢¢'Sj’elY 1 "YZ—1S>'E1‘Scel YZ1¢S>—1eZece
tBias yarns are placed on the front face and back face. These yarns are locked to the other ya
sets by the z-yarns Figure 10(b)). Multiaxis 3D circular woven fabric, method, and machine
were developed by Bilisik. The 3D circular woven fabric has axial and radial yarns along with
circumferential and +bias yarns (Figure 10(c) i1l ¢e' —e>' ESe1™>7Ze¢">_1ES—1.
thick wall sections depending upon end-use requirements [ 61]. In multiaxis 3D braided fabric,
braider yarns are intertwined with the axial yarns, whereas tbias yarns are oriented at the
surface of the structure and locked by the radial yarns to the other yarn sets (Figure 10(d)). The
properties of the multiaxial 3D braided structure in the transverse direction can be enhanced
S—ele'Z1l—"—7—"e">—"0e¢1" —1¢'Z1e>ZEs""—Se+1 7"E&ERYX— ®1>S

ZYZ>Sel—Ze¢'"e@1S>Z1eZYZe"™Ze1'—175¢751"1-S"Z1E " -™"¢
*Tr—0il ‘Z1 <Z>1 ™5 ™Z5e°7@3LeC™Z1 e1eS>'ELeT>-Se'"—1¢
®'S™MZ78®@'EZ1IE'S>SEeZ>' e’ Eel™ele'Z1™S>e1’'— 77 Figuelld
shows the schematic views of some of the composite fabrication techniques [X \63].

Hand layup is the most commonly used composite fabrication method. It is still preferred

«(Z@ESz0wZ17e1 e'e¢l Zj'<sZ1 —1eZ0's—1S—elez’eSceZle 510"
materials. The fabric layers are laid according to the desired thickness, and after each layer i
eS'edle'Z15Z® —1'01SeeZelctlcrze'le"1e™>2Sele'Z15720"'—1
cured at room temperature and removed from the mold ( Figure 11(a)). Resin transfer mold
(RTM) is a recently introduced composite fabrication method to produce near-net shape parts.

Figure 11.1 E‘Z-S+'E1Y'Z @17 el®@ " -Z17e1e'Z1E -™ "®’'eZ1¢S" ESe'"—1ZE'—'8;
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The preform is placed in the gap between the molds. Then, the mold is closed and the gaps ir
¢ Z1™>7e75-1S571 eeZelcC1l Z4 —e1Seele'Z1 <Z>@l 'e'157Z0'—il
high pressure. The part is removed from the molds after curing ( Figure 11(b)). The vacuum-
Scee’eeZel>Ze'—1e>S—@@eZ>1—"ee'—e1( Ul-Ze¢'""e1'@1-">Z11
S1-ZeSee’E1-"0eil ‘Z1™57¢"5-1"@1™eSEZe1 —1e'Z1-"0e1S—o:
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el ™75 S _—EZ1IE-™"’'eZ1le>zEe7>Z01 '*Figure' 11(c) p1E-Y." .
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3D glass woven preforms improve the out-of-plane properties of the composites. 3D stitched
woven preforms also enhance the out-of-plane properties without decreasing the in-plane
properties of the composite [64]. It is pointed out that the fracture mechanism of the stitched
E"-™"'eZ1 ™eSeZe1' ®@1S ZEeZe1lct1le'Z1e "Se'—ele'>7Ee""-
e>7Ee7>721'@1l —"ele’s—' ES—-«-¢165. INE tehsilestréngthisl aestiteltEd
composite, in which twisted stitching yarns are utilized, is lower compared to the stitched
composite having with untwisted stitching yarns [ 66]. It is demonstrated that stitching pre -
vents the crack propagation [66, 67. The stitching causes local irregularities and undula-
7 —1'—1e'Z1™57¢75-81 “"E‘'1leZSe®1+"1S1—"—72—"¢"5-1 <Z
in-plane properties of the composite [68, 69. In unstitched composites, delamination-based
cracks are observed as a form of layer separation. However, in stitched composites, mode
| failure is improved and catastrophic delamination is eliminated in which the composite
becomes damage tolerance material. It is stated that the tensile strength of stitched compos
'eZ@1'®@1eZ™Z —eZ —e1"—1'Z1™S5S_7e751Selee E —-
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to 64.1 MPa. The tensile strengths of four directional densely stitched composite is almos
W[1S—el\-1¢" Z51e¢'S—1e"Z1 ele'Z17—cee’ s+E ' Ze1E " -—™"ce-
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tions, respectively. These results show that when the stitching direction and stitching density
—1ee>2Ee2>5Z20 1 —E>Z2SeZ81+'Z'517 ,Si'elelZ—®'eZlme>Z-
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tensile strengths of the unstitched composites are higher than those in the multistitched com-
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those of the unstitched composites at warp and weft directions, respectively. The warp-weft
e/—@'eZ1-"e7e7@1 701 751 >ZEe’ " —SeleZ—eZetlees'+E'Ze
than those of the unstitched composites at warp and weft directions, respectively. However,
the warp-weft damaged areas of four directional densely stitched composite after tensile fail -
752185721 Se—"@e1]V1S—e1rX—-1e¢" 7Z>1e'S—1e¢'"Z1 1217 —
directions, respectively. The warp and weft directional damaged areas of multistitched com -
posites decrease when the stitching directions in the out-of-plane of the structure increased.
Therefore, the stitching yarns lock the in-plane directional warp and weft yarns in the layered

"YZ—10e>2Ee2521S—e1E"— —Z1¢'21+S-S721S>72S®1S+1—S
tolerant materials [71pil Z>e'Z>-">Z81«'Z1" ,Sj’'eleZ—@’'eZ1-"e7¢71
ites decreases with the increase of the stitching direction and stitching density [ ] Y.

‘Z1 S>™1S—e1 Zesle'sZEe' " —1@M™MZE’ Elc<Z—e' —el@e>Z—
nanocomposites are higher than those of the stitched composites since the stitching perhap
ES7zm®Zoel «S—-7Z—+12S"SeZ®@le7>’ —el—770e721 ™' 7>E —o1¢
“ele"751 5 ZEe T —SeleZ—eZeCles E'Z1E -™"®'eZ21S571
the unstitched composites at warp and weft directions, respectively. On the other hand, the
warp and weft directional damaged areas of the unstitched composites are higher than mul -
' E ' Ze1S—el-Zee' e E ' Ze&—S—"E-™"'eZ0eil ‘Z1Ses
structures increases the damage tolerance | X One of the critical property of the stitched
composite is also through-the-thickness directional shearing. The short-beam strengths of
hand-stitched composites in the warp and weft direction increase slightly as the stitching
direction increased from two directions to four directions. In addition, the warp and weft
directional short-beam strengths of machine-stitched structures with high-modulus stitching
yarns (Keviar® 1 WX _ 01 S>7217¢*Z51¢'S—1e¢""Z17¢1+'Z1-SE"'—7,0
low-modulus stitching yarns (Nylon 6.6) [ 73]. The tensile and impact behaviors of stitched

00 SEERE&E™ e ¢™,"™MEe7 71 "YZ—1E -™"®’'eZe1S>Z1®ezs Z-
ness direction increases impact damage tolerance especially at low temperatures. It is claime:
©'Sel1e¢' 7572101815728’ " —1<Z% 2Z—1@e'sE" —e1 <Z>1>SE2

(Z>1Y " e7-71>SE+’"~"— 1" —1 e 74 HIEZ nkcRanicH poaperide® dugh as the ten
®'eZ1S—e1E -™>Z@®E " —1S—e1E -™>7Ze®’~—,S++Z>,'-™Sa
not degraded by the stitching parameters, whereas the tensile and compression strength anc
«'Z1eZ—00'eZ21S8e2721<Z2'SY"">185521>22EZ+1S@1S1>Zce7ee1’
due to stitching [68pT1 ¢ eE'Ze1¢S¢Z>7Z«1E —™"@’'eZ1'Sele’s‘eel
strengths than the integrally woven composite [ 75]. In addition, it is found that the strength
of overlap joint during preforming is improved by using high-density chain stitching [  76].

‘218871 —¢’Se’"—1eHEZ1e>1Y 1—"—"—eZ>eSEZs1ee’(
unstitched woven composite due to weak resin-rich regions around the stitch loops. Densely
stitched composite with more stitched-induced matrix cracks upon impact loading is due to
the presence of weak resin-rich pockets around the stitching yarns [77-"Y The noncrimp
®e'CE'Z1IES>T—1eSO'ELIE-™"®@’sZ10e'” ©1S1872S®’, @™
ite demonstrated an anisotropic behavior. Stitching in the noncrimp carbon fabric has only
S1-"—">17Z ZEe+1l " —1'e@l@esZ—ee'1™>" ™76 7011 S-SeZ1c’
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Figure 12. Damaged areas of composite after low-velocity impact test [ * K

zones created by the stitching BLpi1l ‘Z1e¢~ ,YZe " E’'e¢1' —™SEe1 ™" ™75
—E>",&—S—", ,eeSeE&™ e¢Z®eZ>1 "YZ—1E -™"®'eZ®1S>7Z
type (silicate or carbon or metal), the material particle size (hano or micro), amount of materi -
Seel( Z'e'+d1-Udloee' sE'' —eleZ—0e'*¢1l0eZ™M&E-UJLS—-"]
the damaged areas of compositesFigure 12 shows the damaged areas of composite after low:
YZe " E’'e¢1l —™SEeleZeeil 'Z1eS-SeZ+1S>72Sm®17el—-7ee' e E
" YZe"E ¢l —-™MSE+1eZ@e1S>7Z1Se—"00*1\V1S—e1Z7r—-1" Z>51
on front and back faces, respectively [* K
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composites. The multistitching suppresses the impact energy relatively at a small area of the
composite. In addition, adding the nanomaterial to the multistitched structure can further
enhance the damage resistance performance {* X

\il oSe@l1eS:: E1S—el1eeSeR1IE"—™" @ e71S™™,

‘ZleeSe®l <Z>>Z2' —¢ HEZ1E -™M"'eZ®e1S521702+1'—1S:
properties of usage areas as space, aerospace, automobile, energy, marine, electronic comg
nents, and defense-related special areas. The composites are designed according to servi
Z—Y'>"——-Z—e®17¢17®S+721S>2S®e1’'—1-2E'S—" ES+-81'-™S(

\iWil Y'Se'"—1S—+1S7Z>"ce™SEZ

0o "7 10 21V 022 @171 <Z>>7 — ¢ >EZe1™ e C-Z>1E-™"®’ s Ze]
relatively small percentage, they found their most advanced applications in the fabrication of civil
or military aircrafts [ 83pil ">1’'—e*S—EZd1e'Z1 "7’ —e1]7]1-SeZ1+S5+71
airframe and primary structure. The use of composites, especially in the highly tension-loaded
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part of the fuselage, greatly reduced maintenance labor and cost.Figure 13 shows the percent
ages of used composite materials along with metals in commercial civilian airplane (Boeing 787)
[84pil ¢™ ESeleeSceel <Z>.5Z —e¢ H>EZ1E -™"@'«Z1S™ M’ ES-
gage racks, instrument enclosures, bulkheads, ducting, storage bins, and antenna enclosures. |
addition, it was also widely used in ground-handling equipment [ 85].
\iXil ze"="e'YZ

*Semrl <Z>1E " -™"@’'eZ170Z21' —1S72e"—"¢'YZ1 1™ -S>’ ¢
E"-™" 7 —e@dlezZ17 &' Z-86ED 151+ 1bZ @OEE Ty 1e¢™
70Ze1'—1Sz2e" ="' YZ1E " -™"'eZ®el Z>21+'Z1 ,**Sce®dl '"E-
®'eZ1™>"™MZ75¢' 711 ZE " —+1"—71 Scel ,*sSe®dl "E'1'Se1Z
the E-glass. But, it was expensive B7pil seleeSceel <Z>.<S@®Z+1E " -™ " -
tive as primary or secondary structural parts of interior headliner, underbody system, and air
intake manifold, instrument panel, bumper beam, and engine cover [ 88]. Figure 14 shows the
eeSe®l <Z>.«SeZe1E -™"@’'eZ1™MPBI 7l —1ES>1S—e1570

\iYil "Seel1S—e1-S>'—7

eSeel (Z>1< ' 1E —e'—7"7201 151 ®@E —e'—7"7@10" ">
for the recreational boating industry, which was employed as hulls with a minimum number
“e1Sce@Z-<eZe1™Sseil eSSl <Z>.<S®Zel1E -™"e’eZ0oel" S
because of light weight, vibration damping, corrosion resistance, impact resistance, low con-
®eH>ZE —1E " ®e®dLS—2172S®Z17¢1+S>’ ESe'"—81-S"'—eZ—-
facturing technologies were driven by racing vessels, both power and sail [85, 89].

Figure 13.1 "—=™" e’ e71-5e7>'Seel17 71 —1E'V'848—13 > E>S+e10 “Z'—«1]"]ily
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Figure 14.1 «Sceal <Z>.>2 — ¢ > EZ1E " =™ " @’+Z1< +¢B3MS —Zeele>1>2E"1S—1CE

6.4. Electronics

Seel <Z>&Z™7{¢1E " -™"'+Z®@1'SYZ1<ZZ—1¢'7Z1¢"7—Se’"—
<"Sreele’'—EZIW_"Vil ‘Z¢1lez™ ™ se7e¢le'Z1e>S—’*">00d1
¢SeleZE ' —"e"¢'Z®il *SEE1IE -™"® ¢Z1<S>e1E" ——ZE+Zs1e
etched or printed on their surfaces [ _V They were also used as insulators for high-voltage
energy cabin components, a cable, or cable-coated material to transit the electrical energy91].

6.5. Wind energy

—1¢'Z10ZE*" 5171 72—75¢1Z—75S¢"—38leeSeel <Z>1E-™"q
generators. The blades of the generators were generally made of epoxy resins reinforced with glas:
HIESs T —1 «Zseil ‘25170 1-ZE'S— " ESeleesZ—ee'1S—el-"e7e
the wind blade in turbine generators [ X)\ Figure 15 shows the wind blades placed in the sea [ _K

6.6. Ballistic

X 1 X,eeSe®l1eS>’ELS—e1Y 1 X,eeSe®l™>ZeH>-1E"-™"’ s,
X,oeSe®lcSee’ e’ E1™eSeZ1'S®1<Z42512—27>+¢1Sc@™>™e’"
through-the-thickness direction. This provided additional energy absorbing as a mechanism
el et ee>S —1'—eZ7508¢7>10Z¢ >-Se' " —eil —1See’e’ " —31X :

Figure 15. Wind blades placed in the sea [_ K
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Figure 16.1 sSceml <Z>.<SeZ*1<See’ e’ E1™eSOZ1S—elcZeeZe™ " e1“SE"Z1y

@e'eE'—e1751Y 1 X,eeSe®el™>Z¢H>-1E"-™"@’'«Z1™eSeZ71'Se
tages over the ceramic or metal armor plate.Figure 16 1 ce*~ cele‘Z1eeScecel <Z>
plate and bulletproof jacket [ X \93, 94].

7. Future trends

'Si'Se1X 1 "YZ—1¢S<>' Eel1'SYZ1<Z72Z—1 'eZe¢17207Z1Selc
composite parts in various technical areas. In addition, biaxial weaving methods and tech -
nigues are well developed. 3D glass fabrics have multiple layers and show no delamination.
Y 1 "VYZ—1eeSe®l1™>Ze"5-1S0el Ze+s1Sel-72+¢'eStZ>Z2+1@e &
of especially marine and industrial applications as a form of composite structure. However,
the multiaxis 3D weaving technique is at an early stage of development and needs to be fully

automated. This will be a future technological challenge in the area of multiaxis 3D weaving.

8. Conclusion

—1e""®@1IE'S™eZ581e "1e'—Z—@'"—SeleeSeeleS:'ELIX UL
¢eSOEST—1-Z¢"e®@d1S—e1S™MM™MOESe " —1S>72Sel Z521>7-
SceZ1S—el'—=™ eS8 ef1l<c7e1'Z2¢1 Z>Z1@™ZE EloZs-Z—:
were traditionally employed in various industrial areas. 3D glass fabrics have multiple lay -
Z>01S—e1—"1eZeS—"—Se’"— 1771717 7e,"¢ ™MeS_71e"7E+""-
developed for 3D glass preforms. 3D orthogonal and stitched as well as multiaxis 3D knit -
ted and 3D braided glass preforms are commercially available. On the other hand, various
Z—'e1E®Ze+1<SeZ1l-"eZee1"—1Y leeSce®el™>Z+>-1S—«1E"-
geometrical and mechanical properties. Multiaxis 3D glass fabrics have multiple layers, and
their in-plane properties are enhanced due to the bias yarn layers. However, the multiaxis
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3D woven preform technique is at an early stage of development. Recently, 3D woven and
@e'eE ‘' ZelseSmmEl™>Ze™ 55—l Z521-Se71¢¢1See’—ele’'—seZ1
bers to enhance their mechanical, thermal, and electrical properties. This will open up new
material classes as well as application areas for near future.

i1 T2 EZelTelezret 251 —"5=8 " —185—21S5Y' EZ

S—¢leez'Z2@1'SYZ1<ZZ—1ES>>'2+17 21" —1'Z1E'S>SE+Z>"
preform composite structures, but limited information is available on the 3D fabric archi -
¢ZE7521S—+1—S—"SeeZeleeS dRameht itBraluE and'hdoks cZrobeuseful for
having more information on these areas as indicated in Refs. [95-97].
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